Ballistic electron emission microscopy spectroscopy study of AlSb and InAs/AlSb superlattice barriers by Cheng, X.-C. & McGill, T. C.
Ballistic electron emission microscopy spectroscopy study of AlSb
and InAs/AlSb superlattice barriers*
X.-C. Cheng and T. C. McGill
Department of Applied Physics, California Institute of Technology, Pasadena, California 91125
~Received 21 January 1998; accepted 28 May 1998!
Due to its large band gap, AlSb is often used as a barrier in antimonide heterostructure devices.
However, its transport characteristics are not totally clear. We have employed ballistic electron
emission microscopy ~BEEM! to directly probe AlSb barriers as well as more complicated
structures such as selectively doped n-type InAs/AlSb superlattices. The aforementioned structures
were grown by molecular beam epitaxy on GaSb substrates. A 100 Å InAs or 50 Å GaSb capping
layer was used to prevent surface oxidation from ex situ processing. Different substrate and capping
layer combinations were explored to suppress background current and maximize transport of BEEM
current. The samples were finished with a sputter deposited 100 Å metal layer so that the final
BEEM structure was of the form of a metal/capping layer/semiconductor. Of note is that we have
found that hole current contributed significantly to BEEM noise due to type II band alignment in the
antimonide system. BEEM data revealed that the electron barrier height of Al/AlSb centered around
1.17 eV, which was attributed to transport through the conduction band minimum near the AlSb X
point. Variation in the BEEM threshold indicated unevenness at the Al/AlSb interface. The metal on
semiconductor barrier height was too low for the superlattice to allow consistent probing by BEEM
spectroscopy. However, the superlattice BEEM signal was elevated above the background noise
after repeated stressing of the metal surface. A BEEM threshold of 0.8 eV was observed for the
Au/24 Å period superlattice system after the stress treatment. © 1998 American Vacuum Society.
@S0734-211X~98!12004-8#I. INTRODUCTION
There has been much interest in the GaSb, AlSb, and InAs
lattice matched material system. Due to the unique type II
band alignment and narrow band gaps of these materials,
much research has focused on developing antimonides for
infrared lasers1,2 and detectors,3 as well as for high speed
integrated circuits.4 Common to all these devices is the need
for a barrier like constituent such as AlSb. However, AlSb
barriers often appear leaky, especially in Schottky gate type
applications.5,6 Moreover, AlSb is p type when left uninten-
tionally doped, and n-type doping of AlSb is not always
convenient. Recently, it has been reported that InAs/AlSb
superlattices can be an attractive alternative for n-type barrier
applications such as making cladding layers in laser
structures.7 The superlattice approximately lattice matches
with GaSb when the InAs and AlSb constituent layers are
given the same thickness. The band gap and effective barrier
height of the superlattice are tunable by varying the super-
lattice period, and N-type doping can be achieved by incor-
porating Si in the InAs well.
In this article, ballistic electron emission microscopy
~BEEM! was used to characterize these antimonide barrier
structures. BEEM is a technique based on scanning tunneling
microscopy ~STM! and is especially suited to study of local
transport properties.8,9 In a BEEM experiment, the semicon-
ductor of interest is coated with a thin layer of metal, which
supports STM tunnel current while a collector terminal at the
back of the sample conducts away electrons that leak across
the metal–semiconductor interface. In BEEM spectroscopy,
*No proof corrections received from author prior to publication.2291 J. Vac. Sci. Technol. B 164, Jul/Aug 1998 0734-211X/98the collector current is monitored as a function of tunneling
voltage while the tunneling current is kept constant by vary-
ing the STM tip to sample distance. As the STM tip potential
rises above the bottom of the semiconductor conduction
band, electrons can travel ballistically across the thin metal
region and enter the semiconductor unimpeded, causing a
noticeable increase in collector current. Thus the BEEM turn
on threshold depends on the underlying semiconductor band
structure and can be used to evaluate Schottky barrier heights
and semiconductor band edges in the antimonide material
system. The scanning probe nature of BEEM allows local
variations of these properties to be mapped and was utilized
to examine the integrity of AlSb barriers.
Since its inception, BEEM spectroscopy has been used
extensively to study metal on semiconductor structures. It
has been adapted by several workers to study the Au/Si ~Ref.
9! and the Au/AlxGa12xAs system.10,11 Recently, the tech-
nique has been successfully applied to GaAs/AlAs ~Ref. 12!
and InAs/AlSb ~Ref. 13! double barrier heterostructures,
which indicates that the technique is promising for probing
less conventional systems such as the aforementioned InAs/
AlSb superlattice.
II. EXPERIMENT
The samples used in this experiment were grown in a
Perkin–Elmer 430 molecular beam epitaxy ~MBE! system
equipped with a valved As cracker. Figure 1 shows the struc-
ture of typical BEEM samples. Te doped (n55
31017 cm23) GaSb wafers were used for most of the
growth. This was to ensure that the substrate would be con-
ductive enough in subsequent BEEM experiments. Follow-2291/164/2291/5/$15.00 ©1998 American Vacuum Society
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ally doped GaSb buffer layer was grown. Since GaSb is p
type from background doping, the buffer layer was kept as
thin as possible without compromising the structural quality
of subsequent growth. At low growth rate, a 1000 Å thick
buffer layer was found to be adequate. At the end of the
buffer growth, samples were soaked in Sb, yielding the (1
33) reflection high energy electron diffraction ~RHEED!
pattern characteristic of a reconstructed GaSb surface.
For AlSb studies, a 500 Å layer of unintentionally doped
AlSb was grown over the smoothed GaSb surface. The thick-
ness was selected so that the bulk properties could be exam-
ined while at the same time the layer was thin enough to
support transport of BEEM current. Because the AlSb layer
was relatively thin, the substrate temperature was kept at
520 °C, the same as for GaSb growth. RHEED for the AlSb
layer was less streaky but still showed the characteristic 1
33 pattern. To prevent AlSb oxidation, the samples were
capped off at the end of the growth by either a 50 Å GaSb
layer or a 100 Å InAs layer. The substrate temperature was
lowered to 470 °C for growing the InAs capping layer.
For growth of the selectively doped InAs/AlSb superlat-
tice, the substrate temperature had to be lowered to prevent
excessive As incorporation in the antimonide layers. The
structural quality of the superlattice was significantly im-
proved when the growth temperature was lowered to 420 °C,
at which point the GaSb surface turns Sb rich and the
RHEED pattern changes from 133 to 135. During growth
of the InAs constituent layer, the Si dopant cell shutter was
opened, and As flux was minimized by using the valved
cracker while maintaining an As stabilized growth front. A
10 s Sb soak was applied between each InAs and AlSb in-
terface to ensure a InSb like interface, which is known to
FIG. 1. Structure of the BEEM samples.J. Vac. Sci. Technol. B, Vol. 16, No. 4, Jul/Aug 1998produce material of superior quality.14 The RHEED pattern
remained streaky throughout the growth and exhibited sharp
234 and 133 reconstructions for the InAs and AlSb layers,
respectively. The samples were grown with superlattice pe-
riods of 17, 24, and 48 Å. The period thickness was split
between the InAs and AlSb layers, which were under alter-
native compressive and tensile strain. The total thickness of
the superlattice was kept constant for all the samples at 2400
Å. To prevent oxidation, the superlattice was capped with 50
Å of GaSb following completion of the last AlSb layer.
A sputter-etch deposition system was used for postgrowth
metallization. Aluminum and gold were sputtered off solid
targets by Ar plasma and deposited onto the sample at rates
up to 0.4 Å/s. The samples were placed behind a mask and
patterned with arrays of metal dots 1 mm2 in area. Metal
layer thicknesses up to 100 Å were experimented. Atomic
force microscopy ~AFM! studies showed that the typical
metal layer had a root mean square ~rms! roughness on the
order of 5 Å. For most samples, the surface morphology was
smooth and appeared suitable for BEEM studies. Prior to
metallization, samples were taken out of the ultrahigh
vacuum ~UHV! growth environment and exposed to the am-
bient. Hence a 20–30 Å thick native oxide was present be-
tween the metal and semiconductor layer. Talin et al. have
shown that the oxide layer does not affect BEEM results for
Au/GaAs structures.15 In our study, it was found that the
antimonide samples with native oxides were stable for up to
several weeks. To minimize contamination from handling, a
degreasing procedure was followed before the sample was
introduced to the metallization chamber which may partially
remove the native oxide layer. It consisted of sequential ul-
trasonic rinses in acetone, isopropanol, and de-ionized water,
with each rinse lasting 2 min. The procedure helped generate
more consistent BEEM results, especially for the samples
that have been stored in air for some time.
Our BEEM setup was configured for experiments in air at
room temperature. It was based on a Digital Instruments
scanning tunneling microscope unit ~Nanoscope III!. A fine
Au wire was spring mounted against the top of the sample as
the STM base contact, while indium left from the growth, on
the back side of the sample, served as the BEEM back con-
tact. The setup was tested and calibrated with the Au/Si~100!
system. The equipment has also been successfully used to
study the Au/AlxGa12xAs system.11
III. RESULTS AND DISCUSSION
Prior to BEEM experiments, samples were characterized
by I – V measurements. Figure 2 shows the results from two
types of AlSb samples. Sample A was from an early growth
on an unintentionally doped p-type GaSb substrate and
capped by an InAs layer. Sample B was grown on an n-type
GaSb substrate and capped by GaSb. The sample B
substrate/capping layer combination was standard for most
of the AlSb samples and for all superlattice samples. As can
be seen from the I – V behavior of sample A, AlSb acted as a
poor barrier for the InAs/GaSb junction, which allowed holes
to tunnel out of the underlying p-type substrate, raising the
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dering the device unsuitable for BEEM spectroscopy. By
contrast, sample B was much more resistive because the n-
type substrate blocked much of the tunneling current.
Figure 3 shows two BEEM I – V curves from a type B
AlSb sample. Each curve was taken from a different place on
the sample surface and took approximately 10 s to generate.
Since the experiment was carried out in air at room tempera-
ture, there was some tip drift even after the system had been
given hours to equilibrate. Typical drift rates were about a
few nm/min. Hence BEEM scans were not averaged in order
to preserve spatial resolution in the experiment. The BEEM
I – V curves were analyzed by using the well known Bell–
Kaiser model,9 which assumes that the BEEM threshold be-
havior takes on the form
Ic5(
i51
n
~V2Vi!2,
where Ic is the BEEM collector current, V the tunnel voltage,
and Vi the threshold voltage. By examining a large number
of runs, it was found that the turn on voltage centered around
1.17 eV with a standard deviation of 0.15 eV. This was in
fair agreement with the result obtained by Walachova et al.13
in their study of InAs/AlSb double barrier heterostructures.
The BEEM turn on threshold was attributed to the conduc-
FIG. 2. I – V curves ~a! and flat band diagrams ~b! for two types of AlSb
BEEM samples. Both samples were metallized with 100 Å of Al. The Al
mesa had an area of 1 mm2. Sample B yielded BEEM curves but sample A
was too noisy for BEEM measurements.JVST B - Microelectronics and Nanometer Structurestion band minimum near the AlSb X point and verified the
importance of transport through indirect band minima in
AlSb. The L and G points of AlSb lie higher and could not be
delineated from the BEEM data. As shown in Fig. 3, there
was significant variation among the individual BEEM I – V
curves. The large variation in individual BEEM thresholds
indicated uneveness at the metal–semiconductor interface,
consistent with the fact that AlSb barriers are often leaky.
This is in contrast with the BEEM study of AlAs, where the
BEEM turn on voltage exhibited minimal variation across
the wafer.11
It should be noted that the BEEM current background
noise in the AlSb sample was on the order of 5 pA, which
was higher than similarly prepared AlAs samples even
through the barrier height in both systems was about 1.2 eV.
We attribute this discrepancy to the fact that the background
doping was p type for AlSb and n type for AlAs thus the
Fermi level and tunneling barriers were likely different even
for similar bias voltage. The increased background BEEM
current was accounted for by additional hole current in the
AlSb system due to the smaller hole barrier. The dominance
of hole current was evident in the I – V response of the
sample to ambient light.
Background noise was also a significant problem in
BEEM spectroscopy of the InAs/AlSb superlattices. This is
because the effective superlattice band gap is substantially
smaller than that of AlSb, even for samples with a very short
period. We have attempted to grow these superlattice struc-
tures with period thicknesses of 17, 24, and 48 Å. According
to a calculation performed through an eight-band kp model
that included the effects of strain, the band gaps for these
structures should be 1.2, 1.15, and 0.88 eV, respectively.7
The band gaps could be made larger by growing structures
with shorter superlattice periods, but the structural quality of
the material deteriorated rapidly as the superlattice period
FIG. 3. BEEM I – V curves for AlSb barriers grown on n-type GaSb sub-
strates. The samples were capped with 50 Å of GaSb and metallized with
100 Å of Al. The tunneling current was held constant at 10 nA. Run 1 was
over the whole spectral range, and run 2 was for the high voltage region,
which is offset for clarity. The spectrum was not averaged. The inset shows
the spread in BEEM threshold from a number of runs.
2294 X.-C. Cheng and T. C. McGill: BEEM spectroscopy study of AlSb and InAs/AlSb 2294was decreased. In fact, x-ray rocking curves for samples with
a 17 Å period showed multiple splits at the superlattice peak,
indicating that the layer had relaxed from too much strain.
The inferior quality of these samples rendered them unsuit-
able for BEEM studies. The 48 Å longer period sample ex-
hibited good structural integrity but its band gap was too
small to keep background BEEM current at a reasonable
level. Thus only the 24 Å period samples seemed suitable for
BEEM experiments.
Figure 4 shows a high resolution x-ray diffraction scan of
the 24 Å period superlattice. The sharp x-ray diffraction sat-
ellites were indicative of good structural quality. The I – V
curve of the metallized device is shown in Fig. 5 and indi-
cated that the underlying superlattice was n type. The curve
deviated significantly from ideal Schottky diode behavior at
high voltages. But the low voltage portion of the curve could
be used to extract a Schottky barrier height of 0.6 eV.16
FIG. 4. High resolution x-ray diffraction scan from a 100 period, 12 Å/12
Å/InAs/AlSb superlattice grown on a GaSb substrate.
FIG. 5. I – V curve of a BEEM device based on the 24 Å period InAs/AlSb
superlattice. Samples were capped with 50 Å of GaSb and metallized with
100 Å of Au. The Au mesa had an area of 1 mm2. The inset shows a log plot
of the current density when the sample was under forward bias, from which
a Schottky barrier height of 0.6 eV was extracted.J. Vac. Sci. Technol. B, Vol. 16, No. 4, Jul/Aug 1998When these samples were inserted into the BEEM setup, the
background BEEM current noise was on the order of 100
pA, which overwhelmed any conventional BEEM signal that
would be present. However, it was found that, after the sur-
face was stressed by running a high voltage and current ~23
V and 50 nA! through the STM tip, the metal layer could
become deformed resulting in regions where the metal layer
was tenuous. When the STM tip was placed over these re-
gions, possible BEEM thresholds could be observed in the
BEEM spectroscopy curve. Figure 6 shows some typical
BEEM scans after the stress treatment. The estimated pos-
sible threshold occurred at around 0.8 eV for the Au/
superlattice system and could be reproduced by retracting the
STM tip and using it to stress a new region.
IV. SUMMARY AND CONCLUSION
We have demonstrated that BEEM spectroscopy can be
applied to the InAs/GaSb/AlSb material system. The Al/
AlSb system yielded a BEEM threshold of 1.17 eV, which
was attributed to transport through the conduction band
minimum near the AlSb X point. The BEEM threshold var-
ied by up to 0.2 eV across the wafer, indicating degradation
of the AlSb barrier due to unevenness at the metal–
semiconductor interface. It was found that the surface cap-
ping layer and the underlying substrate played important
roles in suppressing background BEEM current. The junc-
tions formed by InAs/thin AlSb barrier/p-GaSb leaked hole
current, which was detrimental to BEEM measurement. In
the case of a selectively doped n-type superlattice, BEEM
spectroscopy was hampered by considerable background
BEEM current. BEEM scans yielded a threshold of 0.8 eV
for the Au/24 Å period superlattice system only after consid-
erable stressing of the metal layer. More work would be
needed to produce a short period, large band gap superlattice
FIG. 6. BEEM I – V curves from the 24 Å period InAs/AlSb superlattice.
The superlattice was capped with 50 Å of GaSb and metallized with 100 Å
of Au. The samples had previously been stressed by ramping the tip voltage
to 23 V while holding the tip current at 50 nA. The tunneling current was
held constant at 10 nA during the BEEM scan. The curves were averaged
over 255 runs to reduce background noise and are offset for clarity.
2295 X.-C. Cheng and T. C. McGill: BEEM spectroscopy study of AlSb and InAs/AlSb 2295with superior material quality, the large band gap being
needed to suppress background BEEM current.
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